rounding the medical implants to avoid tissue irritations and chronic long-term damages to the tissue. [15] [16] [17] However, it has particularly been challenging to inject flexible medical electronics subcutaneously through layers of biological tissues and reach the desired implant sites because of their low stiffness. [18] As a result, an incision much larger than the implant size or additional surgical procedures are typically required, which causes discomfort for patients or leaves a large scar and limits the application of implantable electronics in humans.
Various innovative approaches are being developed to overcome these limitations, for example, by using stiff bioresolvable encapsulation, [19, 20] injection shuttles with bioresolvable materials as adhesives, [21] [22] [23] partially stiff back layers, [24] hydrophilic properties of the insertion shuttle with a selfassembled monolayer, [25] and others. [26] [27] [28] Another proposed approach involved injecting polymer-based flexible mesh-shape electronics via a syringe needle to monitor electrophysiological signals. [18] While they do enable the injection of flexible devices, some of these approaches require that the flexible electronics be held with additional adhesive materials, which are later dissolve and become absorbed in the body, releasing the flexible devices after an extended period. Here, we report the development of a flexible-device injector that facilitates the implantation of flexible medical electronics under the skin. The injector uses a customdesigned blade at the tip and an injector body integrated with a microflap array and allows a flexible device to be positioned and released through a small incision that may require only one or no stitch, leaving a minimal scar after the procedure. Controlling adhesion with the microflap array is enabled by Implantable electronics in soft and flexible forms can reduce undesired outcomes such as irritations and chronic damages to surrounding biological tissues due to the improved mechanical compatibility with soft tissues. However, the same mechanical flexibility also makes it difficult to insert such implants through the skin because of reduced stiffness. In this paper, a flexible-device injector that enables the subcutaneous implantation of flexible medical electronics is reported. The injector consists of a customized blade at the tip and a microflap array which holds the flexible implant while the injector penetrates through soft tissues. The microflap array eliminates the need of additional materials such as adhesives that require an extended period to release a flexible medical electronic implant from an injector inside the skin. The mechanical properties of the injection system during the insertion process are experimentally characterized, and the injection of a flexible optical pulse sensor and electrocardiogram sensor is successfully demonstrated in vivo in live pig animal models to establish the practical feasibility of the concept.
Introduction
Implantable biomedical devices are used to monitor vital signals and stimulate internal organs in human bodies in realtime and now play critical roles in modern clinical medicine. Many types of medical electronics [1] [2] [3] [4] including pacemakers www.advancedsciencenews.com www.advhealthmat.de the gecko-inspired technologies. [29] [30] [31] Gecko-inspired adhesives with microstructured designs including filbrillar, [32, 33] mushroom-shaped, [34, 35] wedge-shaped [36] and others inspired by gecko [37, 38] have capability of controlling adhesion without aids of liquid adhesives. The approach does not require any additional adhesive materials which need to be dissolved in the body. Our evaluation of the injector's mechanical adhesion properties revealed the underlying operating principle. We performed in vivo demonstrations with flexible physiological sensors including a photoplethysmographic (PPG) pulse sensor and electrocardiogram (ECG) sensor, in live pig animal models, and validated the feasibility of the concept and its application to various flexible medical electronic implants.
Results and Discussion
Figure 1a illustrates the concept of injecting a flexible device under the skin using the injector with the penetrating blade and microflap array design. The angled microflap array (Figure 1a (i)), which is fixed on the blade, was fabricated by a casting and curing process using silicone elastomer polydimethylsiloxane (PDMS, curing agent and base 8:1, Sylgard 184, Dow Corning) and an SU-8 master mold. [39] [40] [41] PDMS used to fabricate the microflap array is known to be biocompatible [42] and is widely utilized as the substrate and encapsulation layer for many types of flexible medical implants and implantable microfluidic devices [43, 44] although more comprehensive accessment may be required for use in human. Details of the fabrication procedure of the microflap array are in the Experimental Section. The elastomeric microflaps were designed to have the aspect ratio (AR = height (55 µm)/thickness (t = 25 µm)) of 2.2 for free-standing and recovering from the collapsing. [45, 46] The elastomeric microflaps were angled (≈125°) so that they would bend directionally depending on the application of normal pressure. The spacing (s = 75 µm) was determined to be larger than the height (h = 55 µm) to prevent the microflaps from overlapping each other when bent. The width (w = 500 µm) just determined the lateral size of the microflaps. It could be larger or smaller. Figure 1a (ii) shows the flexible device based on transfer printing of a thin inorganic compound semiconductor array (3 by 6, GaAs, size: 900 µm × 400 µm, thickness: ≈4 µm), fabricated by consecutive photolithography and wet etching processes on a wafer, onto a flexible polyimide (PI) film (thickness: 12.5 µm). The flexible device to be injected is mounted, as shown in Figure 1b , on the microflap array, which is fixed on a custom-made metal injector (thickness: 0.5 mm) that has a V-shape blade (30°) and slender waist (135°, white arrows). The V-shape blade facilitates making an incision and penetration through skin, and the slender waist relaxes tension in the skin around the incision to prevent the flexible device from being caught by the tensed incision and being delaminated from the blade in the process of injection. When the flexible device mounted on the microflap array was placed in contact with the ex vivo skin isolated from a live pig (age: 5 months, weight: ≈7 kg, male) without normal pressure (left circle) in Figure 1c , the microflaps make a small tip contact. In contrast, when normal pressure (blue arrow) is applied, the microflaps bend and make larger contact with the flexible device (right circle). Higher contact generally causes higher adhesion or friction. [47, 48] These mechanical characteristics enable the flexible device to be transported from one point to the other by dragging the flexible device mounted on the blade against the inner side of the isolated skin, as demonstrated in Figure 1d ,e. Figure 1d shows the flexible device (red solid rectangle) mounted on the injector as it is pressed down onto the dermis (red dashed rectangle) of the pig skin (age: 5 months, weight: ≈7 kg, male). The increased contact area provided by the flexible device and microflaps when the injector is pressed down holds the flexible device while the injector is sliding into the desired position. When the injector is subsequently lifted in the normal direction (blue arrow), it releases the flexible device in the dermis, as shown in Figure 1e .
The subcutaneous injection of a flexible device depends on the specific characteristics integrated into the flexible-device injector, as shown in the illustrations and optical images in We examined mechanical characteristics, such as the friction and the adhesion of the microflaps, skin, and flexible device, to better describe the principle of injecting the flexible device into the desired location under the skin. To characterize the friction generated during the injection (Figure 3a) , the microflap array (blue rectangles) and the skin (red circles) isolated from a live pig (age: 5 months, weight: ≈7 kg, male) were dragged on a flexible PI film at a speed of 2 mm s −1 starting at 2 s after applying a normal preload of 8 N cm −2 as shown in Figure 3b . A PI film is one of the most used films in electronics but can be coated with other materials such as SU-8 or parylene ( Figure S2 , Supporting Information). The experiments were conducted on a three-axis translational microstage with force sensors. The maximum friction of the microflaps (F s film-flap = ≈6.633 N cm −2 ) on the PI film was much higher than the maximum friction of the skin (F s skin-film = ≈0.292 N cm −2 ), which enabled the flexible device mounted on the injector to slide along the skin into the desired position. Pressing the flexible injector down in the normal direction, as shown in Figure 3c , released the flexible device from the microflaps into the skin because the normal adhesion of the skin (magenta triangles, F n skin-film = ≈0.128 N cm
) was higher than that of the microflaps (green triangles, F n film-flap = ≈0.002 N cm −2 ) when the normal preload was reduced to close to zero from 8 N cm −2 www.advancedsciencenews.com www.advhealthmat.de as shown in Figure 3d . Retracting the flexible injector while pressing down leaves the flexible device under the skin, in Figure 3e . More details of the experimental setups and measurement methods are provided in the Experimental Section and in Figure S1 in the Supporting Information. Its height (h), space (s), thickness (t), and width (w) were 55, 75, 25, and 500 µm, respectively. The microflap array is angled about ≈125° counterclockwise to the flat bottom. ii) An enlarged optical image of a representative flexible device. A III-V compound semiconductor 3 × 6 array (GaAs, size: 900 µm × 400 µm, thickness: ≈4 µm) fabricated on a wafer was transfer-printed onto a flexible polyimide (PI) film (thickness: 12.5 µm) with the aid of a spin-coated SU-8 layer (thickness: ≈2 µm). b) An optical image of the flexible device placed on the microflaps injector for subcutaneous injection. c) A microscope side view image of the isolated pig skin which contacts the flexible device mounted on the microflaps injector. When pressed normally (blue arrow), the contact area between the elastomeric microflaps and flexible device increases as the microflaps bend. (Right circle) Without the normal pressure, the flexible device sits just on the tip of the microflaps. (Left circle) d,e) Optical images (upper) and corresponding schematic illustrations (lower) to demonstrate the working principle of the procedure. Locating the flexible device in a desired position in the dermis layer of the isolated pig skin (age: 5 months, weight: ≈7 kg, male) using the flexible-device injector. The flexible-device injector loaded with the flexible device is pressed down in the direction normal to the dermis of the separated pig skin, to increase the contact area between the microflaps and the device. ) since the IPDs are facing inclined (≈30°) during bending. Figure 4d shows illuminated flexible pulse sensor under the squeezed skin of a live pig (age: 4 months, weight: ≈8 kg, male) after being injected with the flexible-device injector. For all the experiments, the injector was facing to skins but the sensors could be facing up or down depending the applications. The PPG sensor was injected facing to the skin since there are enough blood vessels in the dermis layer. Since no wireless power or data transmission functions were integrated into the pulse sensor, the sensor injected under the dorsal skin of the pig was wired for power supply (U8031A, Keysight technologies) and data acquisition (B2902A, Keysight Technologies) to obtain measurements from the live pig under general anesthesia. We injected the sensor in the dorsal region as it is a convenient region to monitor the healing process without being touched by the pig. The other demonstration involved a flexible ECG sensor whose signals are sometimes not clearly distinguishable through skin because of crosstalk, low electrical conductivity, or artifacts [49, 50] when measured from the outside. Figure 4f shows the flexible ECG sensor (total size: 2 mm × 15 mm) consisting of electrodes (size: 1.5 mm × 1.8 mm) and external connects (upper) and shows the ECG sensor mounted on the flexibledevice injector with the electrodes facing down (lower) to be injected the electrodes facing toward the heart. More details are in the Experimental Section. The exploded view of the ECG sensor is in Figure S5 in the Supporting Information. The flexible ECG sensor was subcutaneously injected under the chest skin of a live pig (age: 4 months, weight: ≈6 kg, male) using the flexible-device injector after general anesthesia. More distinguishable signals (red, ≈85 bpm, QRS complex and T wave) could be read from the injected ECG sensor compared to a duplicate ECG sensor attached on the chest skin (blue) with the aid of a tacky adhesive backing layer (silbione/PDMS: ≈200 µm) and highly conductive electrode gel (Signa Gel, Parker Laboratories) after shaving off skin hair, as shown in Figure 4g . The signals from both sensors, injected and attached to the skin, were amplified with the same differential amplifier (Physiolab). The injected ECG sensor was wired externally to transmit and amplify the ECG signals. As injection of the flexible-device injector required a small incision (≈4 mm), one stitch with nylon suture was enough to close it, as shown in the upper image in Figure 4h shows the skin clearly healed in only 5 d after injection of the ECG sensor.
Conclusion
We have developed a new strategy for injecting flexible medical electronics under living skin, using an adhesiveless flexible-device injector that penetrates through a small incision, leaving a minimal scar after healing. No additional material, such as conventionally used adhesives, needs to be dissolved during the injection procedure to release the flexible electronic device from the injector in the body. Characterizations of the mechanical properties of the injector were conducted, and demonstrations with flexible PPG and ECG sensors injected into live pig animal models showed the practical feasibility of the flexible-device injectors. ) between the flexible film and microflaps, enabling the release of a flexible device under the skin. e) An optical image showing the retraction of the injector from the skin, while applying downward pressure as the injector is removed from the skin. f) Experimental results of maximum friction and normal adhesion on the flexible PI films depending on the applied preloads. The force of the microflap (squares) and skin (triangles) was acquired with n = 5 and n = 4, respectively. Each point indicates the mean and standard deviation (SD). The microflap array generates a relatively higher friction force (n = 5, blue squares, up to ≈10.2 N cm −2 at the preload of 18 N cm 
Experimental Section
Fabrication of the Flexible-Device Injector: The flexible-device injector was prepared by mounting a molded microflap array on a custombuilt blade. Fabrication of the SU-8 master mold to make the microflap array started by spin-coating a thick SU-8 layer (thickness: ≈80 µm, Microchem) on a transparent glass substrate (Micro glass substrate, Matsunami Glass) where a thin SU-8 epoxy (thickness: ≈30 µm) layer was cured as an adhesion layer, as reported previously. [39] The thick SU-8 layer was exposed at angles of 45° and 60° from the horizontal plane of a mask aligner. The master mold was completed through postexposure bake and development of the UV-exposed thick SU-8 layer. A mixture of silicone elastomer base and curing agent (PDMS, 8:1, Sylgard 184, Dow Corning) was spin casted into the master mold and cured at 80 °C for 2 h. The microflap array was peeled from the master mold and additionally cured at 120 °C for 5 h. The completed microflap array was bonded with the aid of a liquid silicone elastomer (PDMS, base and curing agent mixed in 10:1), onto the custom-built blade (thickness: 0.5 mm, carbon tool steel) prepared by an abrasive machining process.
Preparation of the Live Animal Models for Injection:
For the experiments involving the subcutaneous injection of flexible devices using the flexibledevice injector, pig animal models (age: 4 months, weight: 6-8 kg, male, Medi Kinetics) were used because their skin has mechanical and anatomical properties similar to human skin. [51] The animal study was conducted in accordance with GIST Institutional Animal Care and Use Committee (GIST-2017-075) approval. Injection procedures were performed under deep anesthesia with intramuscular injection of a mixture of ketamine (20 mg kg −1 , ketamine 50, Yuhan) and zylazine (2 mg kg −1 , Rompun, Yuhan) followed by sterilization of the pig skins with povidone iodine (Povidin, Firson) to prevent skin infection during the subcutaneous injection. In addition, ophthalmic ointment (Liposic, Bausch, and Lomb) was periodically dropped into the pigs' eyes to prevent damage to the cornea, to keep the surface of the eye lubricated. www.advancedsciencenews.com www.advhealthmat.de
Measurement of the Mechanical Characteristics of the Microflap Array and Pig Skins:
The mechanical characteristics of the microflap array and pig skins were evaluated using a three-axis motorized translational microstage, and normal and shear force sensors (transducer techniques). In the first step, a normal force sensor was fixed on the motorized microstage, and a shear force sensor mounted on a holder was installed vertically to the normal force sensor on the microstage. Various flexible films including polyimide, SU-8 and parylene, were attached to the PDMS-coated (thickness: ≈100 µm, base and curing agent mixed in 10:1, Sylgard 184, Dow Corning) square plate (size: 3 cm × 2.5 cm) of the normal force sensor after aligning the square plates of the normal force sensor and the shear force sensor in parallel. The microflap array (size: ≈5 mm × 5 mm) and the skin separated from pig models (age: 5-7 months, weight: 7-14 kg, male, Medi Kinetics) were attached to the plate of the shear force sensor. As soon as isolating the pig skins (thickness: 2-4 mm), the skins were covered with gauzes soaked with phosphate buffered saline to prevent the dehydration. More details are provided in Figure S1 in the Supporting Information. The microflap array and pig skin were moved vertically toward the flexible film until a desired normal preload was reached, and then the flexible film was retracted vertically at the speed at the speed of 0.6 mm s −1 (normal adhesion force) or was dragged in a horizontal direction at the speed of 2 mm s −1 (friction) while the forces were measured in real time. The higher dragging speed (2 mm s −1 ) is beneficial for holding the electronic device during the injection and the slower pressing down (0.6 mm s −1 ) the injector helps releasing the device from the microflaps as The adhesion and friction force of the PDMS-based microflap array are proportional to the speed. [52, 53] Fabrication of the Pulse Sensors and ECG Sensors: Preparation of the pulse sensors began with fabrication of the IPDs array (size: 760 µm × 560 µm, thickness: ≈4 µm) on a GaAs wafer through consecutive steps of photolithography and wet etching processes (H 3 PO 4 85%, H 2 O 2 35% (OCI Company) and C 6 H 8 O 7 (Baker)), followed by deposition of p and n metal contact layers (Ti/Au: 20 nm/60 nm), as reported previously. [54] The photoresist (SPR220-7.0, thickness: ≈10 µm, Microchem) coated on the wafer temporarily held the photodetectors while a sacrificial layer was removed by selective wet etching process. The 4 × 4 IPDs array, separated from the original GaAs wafer with the elastomeric PDMS stamp (base and curing agent mixed in 10:1, Sylgard 184, Dow Corning), was transfer-printed on the flexible PI film (thickness: 12.5 µm) where the spin-coated SU-8 (thickness: ≈2 µm, Microchem) served as an adhesion layer. After the deposition of metal layers (Ti/Au: 30/300 nm) to interconnect each of the photodetectors in parallel, an LED (wavelength: 620 nm, Rohm Semiconductor) was printed on the electrical pads using conductive adhesive (H20E, Epoxy Technology). The fabricated PPG sensor was encapsulated by the conformal deposition of a parylene layer (≈5 µm).
The fabrication of the flexible ECG sensor started with the deposition and patterning of a metal layer (Ti/Au: 30 nm/150 nm) on a flexible PI film (thickness: 12.5 µm). The ECG sensor was encapsulated in a spincoated SU-8 layer (thickness: ≈2 µm) except for the electrodes used for signal sensing.
Measurement of the Electrical Properties of the Pulse Sensors:
To collect the PPG signals from the pulse sensor injected under the skin of a live pig, the pulse sensor was tethered to an external source/measure unit (B2902A, Keysight Technologies) and analog filters for real-time signal processing. A photocurrent (≈3 µA) was generated under the dorsal skin of the live pig by the LED (2.3 V, 3.6 mA) under a reverse bias voltage of ≈0.1 V, to minimize the effect of the dark current. The raw PPG signals acquired from the injected pulse sensor were filtered with a high-pass filter (F c,H = ≈0.5 Hz), which eliminated the undesired DC component caused by light reflected from venous blood, nonpulsatile artery blood, and other tissues. The low-pass filter (F c,L = ≈10 Hz) removed the AC noise in the PPG signals from the power lines of electrical equipment and fluorescent lamps, and then the PPG signals were amplified about ≈65 times.
The current-voltage (I-V) characteristics of the IPDs in the PPG sensor were measured with a source/measure unit (B2902A, Keysight Technologies) under irradiation by external LEDs (wavelength: 620 nm, ≈1.1 mW cm −2 , Rohm Semiconductor). The optical power density of the external LEDs was evaluated with an optical power measure meter (PM200, Throlabs). The photocurrent in the current (I)-voltage (V) characteristics of the IPDs ( Figure S4 , Supporting Information) exhibited no significant difference at zero bias (5.09 µA) and at the reverse bias of −1 V (5.11 µA). The dark current (≈1.7 pA) at zero bias was very small, not enough to affect the photocurrent (5.09 µA) for the measurement of PPG signals.
Statistical Analysis: All the experiments for measuring mechanical properties were conducted with a minimum of n = 4 for each point. The acquired data were presented as mean ± standard deviation (SD). Statistical analysis was performed using the Origin software (Origin Labs).
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Supporting Information is available from the Wiley Online Library or from the author.
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